occurs when this material is cooled from 1200°C to room temperature
before testing is more likely related to microstructural changes than to
the oxide-flaw interactions that produced the pits in Figure 15.

Effects of Oxidation on Flaws

It is apparent from the results that the oxidation which occurs
during exposure at 1200°C has a significant effect on the strength
distribution. The flaw population which controls the strength can be
changed in the manner shown in Figure 16. Two types of flaw are considered
in Figure 16a, a crack at the surface and an internal flaw which can be
an inclusion, a large pore or a crack. When oxidation occurs the crack
interfaces oxidize at least as fast as the ground surface and the crack
can be blunted. The oxide interface grows into the silicon nitride
matrix, removes surface imperfections,and reduces the size of cracks.
Internal inclusions can oxidize and change their volume and composition.
The mounds in the oxide and pits in the matrix, shown in Figures 14 and 15
respectively, are equivalent to 50 grain diameters. The accelerated
oxidation in areas this size could be related to a concentration of
impurities in a mass of incompletely sintered grains or to the rapid
oxidation of large tungsten-based inclusions. Such reactions produce an oxide
filled pit in the matrix. Until the microstructure is examined more
closely, the mode of pit formation cannot be described completely.
These oxidation or corrosion pits act as strength limiting flaws in
specimens exposed for long times. It (s therefore essential to determine

why they form and how to control their formation.
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The effects of exposure at 1200°C on the strength distributions of
the four batches of silicon nitride are summarized in Figure 17 and 18.
these figures, it can be seen that the 25°C and the 1200°C strengths of
reaction bonded material and billet B of NC-132 are increased by exposure
at 1200°C whereas the strengths of the Y.03; doped-material (NCX-34)and

billet A of NC-132 are decreased. These differences are statistically

significant and are related to the interaction between the oxide formation

and the material. The microstructural differences between the 3 hot-
pressed materials are related to the composition. The specific inter-
actions could not be pursued during the present program but should be
investigated in order to identify the specific cause of the degradation
and to guide further development of materials.

Suggestions for Future Programs

The effects of exposure on the strength of silicon nitride are
related to compositional variations in the materials. In the present
program the exposure was limited to 1200°C in air for a maximum of 100
hours. The effects of longer exposure and different temperatures on
strength must be documented. It will be necessary also to test these
materials in the service atmosphere. The proof-test procedures for life-
time predictions must be modified to account for the change in flaw
population with exposure. An evaluation of the strength distribution
under static load will be necessary. In order to investigate the effect
of exposure on a wide range of flaw sizes and flaw size distributions,
specimens should be tested with known flaw sizes such as those introduced
with a Knoop indenter. Extensive microstructural analysis should be
carried out on the test specimens as well as on materials prepared with

known compositional and structural variations.
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Silicon nitride materials development must parallel the development
of component designs. The materials have not reached the optimum composition
and microstructure for the turbine application. Many long-term use
applications are dependent on having a reasonable expectation of long
service lives and considerable materials analysis and development must
be dcne to reach this goal.

SECTION Vv
CONCLUS I ONS

Proof testing has been investigated as a means of assuring reliability
and lifetimes of hot-pressed and reaction bonded silicon nitride for
turbine engine applications. |t was found that the proof test truncated
the strength distribution at 25°C as predicted by theory. The proof
test was not as successful in truncating the strength distribution of
specimens exposed at 1200°C, because the flaw population changed during
exposure. This change in flaw population occurred because some flaws
healed or were reduced in size, and other flaws were formed when the
specimens oxidized.

Reaction bonded silicon nitride (NC-350) showed an increase in
strength as a result of exposure at 1200°C. The oxidation formed a
protective layer which healed surface cracks. A proof test scheme could
be applied to this material.

The two billets of magnesia-doped, hot-pressed silicon nitride (NC-132)
behaved differently. The strength distribution of billet A (of earlier
manufacture) decreased as a result of exposure, whereas, the strength
distribution of billet B increased as a result of exposure. Thus, proof
testing could be used for one billet but not for the other. Oxidation
pits were produced in magnesia-doped, hot-pressed material and these

pits become the strength limiting flaws. As a result of oxidation,

35




flaws related to machining healed and could be rémoved eventually as
the surface oxidized.

The yttria-doped (NCX-34) silicon nitride proof tests were not
completed; however the strength distribution decreased as a result of
exposure and it is unlikely that proof testing could be used for this
billet. Examination of the microstructure before and after exposure
showed that the oxidation produced significant microstructural changes
in the near surface areas and these changes could be related to the

strength changes.
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